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ABSTRACT
In eukaryotes, genes transcribed by RNA polymer-
ase III (Pol III) carry their own internal promoters and
as such, are transcribed as individual units. Indeed,
a very few cases of dicistronic Pol III genes are yet
known. In contrast to other hemiascomycetes,
5S rRNA genes of Yarrowia lipolytica are not
embedded into the tandemly repeated rDNA units,
but appear scattered throughout the genome. We
report here an unprecedented genomic organiza-
tion: 48 over the 108 copies of the 5S rRNA genes
are located 3’ of tRNA genes. We show that these
peculiar tRNA–5S rRNA dicistronic genes are
expressed in vitro and in vivo as Pol III transcrip-
tional fusions without the need of the 5S rRNA
gene-specific factor TFIIIA, the deletion of which
displays a viable phenotype. We also report the exis-
tence of a novel putative non-coding Pol III RNA
of unknown function about 70 nucleotide-long
(RUF70), the 13 genes of which are devoid of internal
Pol III promoters and located 3’ of the 13 copies of
the tDNA-Trp (CCA). All genes embedded in the var-
ious dicistronic genes, fused 5S rRNA genes, RUF70
genes and their leader tRNA genes appear to be
efficiently transcribed and their products correctly
processed in vivo.
INTRODUCTION
Co-transcription of two or more genes under the control
of a single promoter is very scarce in the eukaryotic world
(1). Very exceptionally several genes coding for proteins
are cotranscribed as a single primary mRNA. For exam-
ple, all genes from chromosome 3 of Leishmania major
(with the exception of a single gene and one tRNA
genes) are transcribed as two convergent polycistronic
clusters (2). More numerous cases of polycistronic non-
coding RNA (ncRNA) genes are known in plants.
Besides the special case of snoRNAs encoded in introns
of protein coding genes, non-intronic snoRNAs gene clus-
ters are transcribed as polycistronic pre-snoRNAs and
later processed. In Arabidopsis thaliana, 43 clusters repre-
senting 71 snoRNA genes were identiﬁed (3), while in
Oryza sativa, 270 snoRNA genes are involved in 70 clus-
ters (4). A single case of dicistronic snoRNAs is known in
yeast Saccharomyces cerevisiae where snR190 and U14 are
separated by only 67nt and the primary transcript pro-
cessed by the RNA endonuclease Rnt1 (5). In higher
eukaryotes, many microRNAs are encoded
in polycistronic transcripts (6,7). In S. cerevisiae also,
seven box C/D snoRNAs are expressed as a 1.4kb poly-
cistronic RNA processed by Rnt1 and Rat1 nucleases (8).
All the above examples concern genes transcribed by
RNA polymerase II (Pol II). Pol I task is devoted to the
transcription of a single polycistronic gene coding for the
35S rRNA, which is the precursor of the ribosomal 18S,
5.8S and 25S rRNAs.
In contrast with Pol I and Pol II genes, Pol III genes
feature internal promoters (known as the A and B boxes in
the cases of tRNA genes) and display at their 30-end a
transcription termination signal made of poly-T in the
RNA-like strand (9,10). Therefore, clustering of Pol III
genes appears at ﬁrst glance unnecessary as well as unli-
kely. Nevertheless two types of such clustering are yet
known, homologous and heterologous. First, in most
hemiascomycetous yeast, tandemly repeated tRNA genes
(tDNA) are quite common. For example, Debaryomyces
hansenii displays 17 tandem tDNAs (11). In such Pol III
tandems, the termination signal is located 30 of the second
gene and the primary transcript is probably processed into
two functional tRNAs by the usual tRNA maturation
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from Schizosaccharomyces pombe (12). The distance
between the two genes is often very short, down to 3nt;
and the same types of tDNA pairs are encountered in
neighbour genomes (13). Only two types of dicistronic
heterologous Pol III transcripts are known yet: tRNA–
snoRNA and tRNA–miRNA genes. In A. thaliana,
12 copies of the C/D snoRNA sno43 each located 30 of
copies of tDNA-Gly (GCC) were reported by Kruszka
and coworkers (14). The same team also identiﬁed in
rice two copies of a similar fusion between a novel C/D
snoRNA and tDNA-eMet. tRNA–miRNA genes were
discovered both in the C19MC cluster of the human
genome (15) and in the mouse gammaherpes virus 68
(16). The present work reports the identiﬁcation of two
novel types of dicistronic heterologous Pol III transcripts
in the genome of Yarrowia lipolytica. As a matter of fact,
this hemiascomycete yeast contains multiple copies of
dicistronic genes featuring in all cases a leading tRNA
gene followed either by a 5S rRNA gene or a yet unchar-
acterized ncRNA gene.
In most hemiascomycetous yeasts, 5S rRNA genes are
embedded in the highly repeated rDNA unit ( 10kb, pres-
ent in about 100 copies). In each active rDNA unit, Pol III
andPolIdivergently transcribe5Sand35SprecursorRNA
genes, respectively. Transcription of all Pol III genes
(tRNA, 5S rRNA, RPR1 RNA, SCR1 RNA genes and a
few others) ﬁrst requires the binding onto the gene of the
assembly transcription factorTFIIIC and,in asecondstep,
the recruitment of TFIIIB which, in turn, recruits RNA
polymerase III for multiple rounds of transcription (10).
For all Pol III genes (except 5S rRNA genes), the primary
recognition by TFIIIC relies on two short internal seq-
uences known as the A- and B-boxes [TRGYnnAnnnG
and GWTCRAnnC, respectively, see (13)]. Transcription
of 5S rRNA genes (in which no B-box is present) is even
more complex as it requires the binding of the additional
factor TFIIIA, prior to the assembly of TFIIIC (17,18).
TFIIIA harbours nine zinc ﬁngers forming three func-
tional subdomains (19). In Xenopus, ﬁngers 1–3 and 7–9
bind to the A and C promoter elements of the 5S rRNA
gene (20) while the central ﬁngers 4–6 interact with the
intermediate promoter element (21,22). Besides its role in
transcription, TFIIIA also interacts as a chaperone with
the 5S rRNA transcript itself for nucleocytoplasmic trans-
port and RNA storage (23–25). Diﬀerent ﬁngers form the
minimal interaction domains with either type of nucleic
acids: ﬁngers 1–3 are necessary and suﬃcient for DNA
binding (26) while ﬁngers 4–6 form the minimal RNA
binding domain (27–29). Although TFIIIA is an essential
protein both in Xenopus and yeast, its only essential func-
tion, in S. cerevisiae, is the transcription of 5S rRNA genes
(30). As a matter of fact, cells devoid of TFIIIA may
survive if a single copy of the 5S rRNA gene is expressed
from a RPR1 Pol III promoter, showing that the
5S rRNA transport and storage function of TFIIIA is
dispensable in yeast. Consistent with this result is the sur-
vival of several mutants aﬀecting the central ﬁngers 4–6
shown to form the minimal 5S rRNA binding domain
in Xenopus (27–29): disruption of yeast TFIIIA ﬁngers
4, 5, 6, 4+5 or 4+6 yielded viable phenotypes (31).
In Y. lipolytica, the genomic organization of 5S rRNA
genes is known to depart from that in other hemiascomy-
cetes (32,33). As a matter of fact, none of the 5S rRNA
genes are part of the rDNA unit but appear to lie dis-
persed in the whole genome (11). In this work, we noticed
that nearly half (48 over 108) of the 5S rRNA gene copies
of Y. lipolytica are closely located 30 to tDNAs, suggesting
that these peculiar tDNA-fused 5S rRNA genes might be
expressed, without the need of TFIIIA, as Pol III tran-
scriptional fusions, similarly to tandem tDNAs already
known in hemiascomycetes (13). Again in Y. lipolytica,
we also identiﬁed a novel 70nt ncRNA present in 13
copies, each of them located 30 to the 13 copies of the
tRNA-Trp gene.
We ﬁrst checked, by RT–PCR that all types of fusions
are transcribed in vivo as a single RNA as well as in vitro
by whole cell extracts (WCE) from either Y. lipolytica or
S. cerevisiae. Through RNA analysis and northern experi-
ments we then checked that both tRNA and 5S rRNA
genes appear to be correctly matured. Finally, the deletion
of the TFIIIA ortholog of Y. lipolytica yielded a viable
phenotype suggesting that the transcription of only half of
the 5S rRNA genes (those 30-fused to tDNAs) can sustain
viability. This very peculiar organization of 5S rRNA
genes was searched for in other ascomycete genomes
but, up to now, remains unique.
MATERIALS AND METHODS
Identification of 5SrRNA and PolIII composite genes
5S rRNA genes (5S rDNA) were searched with the
Ge ´ nolevures Blast facility (http://cbi.labri.fr/Genolevures/
blast.php#) using the S. cerevisiae gene as seed. Of the 5S
DNA, 117 copies were found of which eight are relics
[deleted at either or both end(s)]. Out of the 109 remaining
copies, 60 are regular isolated copies and 49 are
located immediately downstream of ﬁve diﬀerent types
of tDNA. In one of this dicistronic tDNA–5S DNA, the
5S DNA is interrupted by a Ylt1 transposable
element. Close examination of Pol III terminators
(T-track) revealed a putative ncRNA [named RNA of
unknown function about 70nt-long (RUF70)] present at
the 30-end of all tDNA-Trp (CCA) genes. Detailed align-
ments of all 5S rRNA, tDNA–5S rDNA and tDNA-Trp
(CCA)-RUF 70 genes are given in Supplementary Data
1, 2 and 3.
RT–PCR
Total RNA was extracted using the RNeasy Midi Kit
(Qiagen, Courtaboeuf, France) and DNA contamination
was removed with the Turbo DNA-free kit (Applied
Biosystems/Ambion, Austin, Texas, USA). RT–PCR
were performed with Ready-To-Go
TM RT-PCR Beads
(GE Healthcare Life Sciences, Orsay, France) and PCR
control with PuReTaq Ready-To-Go
TM PCR Beads (GE
Healthcare Life Sciences). Primers used are listed in
Supplementary Data 4.
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(CCA)–RUF70 genes
Genomic DNA from strain E150 (CLIB122, MatB
lys11–23 ura3–302 leu2–270 xpr2–322) was prepared as
described (34). PCR ampliﬁcations were carried out with
the pfu DNA polymerase puriﬁed in the lab. Primers used
are listed as Supplementary Data 4. PCR products were
then introduced into an EcoRV-digested pBluescript
SK and competent cells of strain DH10B were transfor-
med by electroporation (1.7kV/mm, 25mF, 100V).
Transformants were selected on LB media with ampicillin
(100mg/ml) and Xgal (40mg/ml), veriﬁed by both PCR
ampliﬁcation with primers used for DNA ampliﬁcation
and plasmid sequencing.
Invitro transcriptions
Transcription in yeast (Y. lipolytica or S. cerevisiae) WCE
[50mg of S100 (35)] was carried out with the same buﬀer
conditions as for the reconstituted system (see below).
50mg of S100 extract were incubated with 60ng of the
indicated templates, 1h at 258C. After the addition of
NTP mix [0.6mM (ATP, GTP, CTP), 0.03mM UTP
and 1mlo f
32P UTP at 10mCi/ml], a further 20min incu-
bation was allowed before stopping the reaction. The tran-
scripts were analysed by electrophoresis on 6%
acrylamide–urea gel.
Standard in vitro transcriptions were performed as pre-
viously described (36,37) using aﬃnity puriﬁed whole
recombinant rTFIIIC, partially puriﬁed B00 fraction
(38,39), pure rBdp1, rTBP, rBrf1, highly puriﬁed RNA
polymerase III and the respective plasmid DNA template
[see (40) for details].
Deletionof ylTFIIIA
The complete deletion of Y. lipolytica TFIIIA gene
(ylTFIIIA, YALI0F05104g) was performed as follows
(41). Promoter (P=990bp) and terminator (T=588bp)
regions of haploid strain PO1d (CLIB139, MatA ura3–302
leu2–270 xpr2–322) were ampliﬁed by PCR with primers
Tf3A-P1 (caccagaatcttcatcatcagcctactg), Tf3A-P2 (CATT
ACCCTGTTATCCCTACaaacatgctcttagagctgactctcgag)
including an I-SceI restriction site in bold, Tf3A-T1
(CTAGGGATAACAGGGTAATCtatggagtactcgtccaatgaa
gaggtc) also with an I-SceI restriction site and
Tf3A-T2 (gtagacagttcatcagcgcataacgtac). A  1.9kb I-
SceI_LEU2_I-SceI fragment [ML cassette (41)] was intro-
duced into the PT cassette at the I-SceI restriction site.
Cells of PO1d were transformed by the lithium acetate
method (42) with about 400ng of puriﬁed disruption cas-
sette. Transformants were selected on YNB medium with
NH4Cl (5g/l), glucose (10g/l), sodium potassium phos-
phate buﬀer, pH 6.8 (50mM), agar (2%) and uracyl
(100mg/ml). Veriﬁcation of the correct ylTFIIIA deletion
was realized by PCR with primers external to the disrup-
tion cassette, i.e. upstream of P (V1 gttgcatctaagtgctatc-
cacg) and downstream of T (V2 atgcagcatgcagccaggtattg).
As the PCR products of the wild copy and of the disrupted
copy are the same size, PCR ampliﬁcation was followed by
an EcoRI restriction that generates three restriction
fragments for the wild copy and four for the disrupted
one. Three independent clones were retained (ylTFIIIA
C6, C7 and C8).
Northern blot analyses
Fornorthernblotexperiments,totalRNAextractionswere
performed using the hot phenol method as described (43)
and not using RNeasy Midi Kit to obtain large amount of
small RNA products. Total RNA (20mg) was analysed by
northern blot using the following oligonucleotides accord-
ing to the previously described procedure (44,45)
Trp: TGGAGTCGAAAGCTCTACCATTG
RUF 70: The various oligonucleotides were mixed
during the hybridization step.
WX01:GCTATGGGACTTAAACCCACAAT;
WX06:GCTAGGGGAATTAAACCCCATA;
WX09:GCGATGGGACTCTAACCCATATT;
WX10:GCTAGGGGAGTCAAACCCCTTAT;
WX11:GCTACCGGAATCAAACCGGCTTA;
WX12:GCTACCGGAATTTAACCGGCTAT;
WX13:AACAGAGGAATTAAACCTCCTTG.
RESULTS
Variety of 5SrRNA genesorganization throughout
eukaryotic genomes
In most hemiascomycetes 5S rRNA genes are embedded in
the rDNA unit (Table 1). In S. cerevisiae, the 35S rRNA
which is the precursor of 18S, 5.8S and 25S ribosomal
RNAs is synthesized by RNA polymerase I machinery
while a single copy of 5S rRNA gene is synthesized by
RNA polymerase III with the help of the TFIIIA, -C and
-B transcription factors. The tandemly repeated rDNA
units form a single cluster internal to one chromosome
(as in S. cerevisiae) or multiple clusters often located in
subtelomeric regions (as in Candida glabrata). Yarrowia
lipolyticaispresentlytheonlyfullysequenced hemiascomy-
cete in which 5S rRNA genes are not included in the
rDNA units, similarly to S. pombe and most other
eukaryotes.
In Y. lipolytica half of the5S rRNA genecopies are
located 3’of tRNA genes
In Y. lipolytica, the 108 full length 5S rRNA genes are
dispersed throughout the whole genome. The genome
also contains eight 5S rRNA gene relics (with various 50
or 30 or 50 and 30 deletions, see alignment in Supplementary
Data 1). Very remarkably, 48 of the 5S rRNA genes are
located immediately 30 of tDNAs. Some examples of dicis-
tronic Pol III genes are already known: dual tDNAs in
S. pombe (12,53) or hemiascomycetes (13) and tRNA–
snoRNA genes (14); but tRNA–5S rRNA composite
genes are an unprecedented case. Figure 1 summarizes
the diﬀerent elements of the Pol III transcription machin-
ery requested for transcription of tRNA or 5S
rRNA genes. The in vivo transcription of a duplex
tRNA gene is known to rely solely on the promoter
elements of the upstream gene (12). In the present case
of a dicistronic tRNA–5S rRNA gene, we hypothesized
5834 Nucleic Acids Research, 2008, Vol. 36, No. 18that, for steric reasons, TFIIIA may not bind the down-
stream 5S rRNA gene and therefore that this com-
posite gene could be expressed without the need of
TFIIIA.
The type of the tDNAs to which 5S rRNA genes
are linked appears to be non-random (Table 2). Of the
30 tDNA-Gly (GCC), 29 are followed by 5S rRNA
genes but none of the 11 tDNA-Gly (TCC). In one of
these 29 dual genes, the 5S rRNA gene is interrupted by
an Ylt1 element. Of the 28 tDNA-Asp (GTC) and 27
tDNA-Glu, 8 and 9 are followed by 5S rRNA genes,
respectively. Two single tDNA-Thr (AGT) and tDNA-
Gln (CTG) are also followed by 5S rRNA genes. The
distance separating nt 73 of the tDNAs and nt 1 of the
mature 5S rRNA is most of time 4 or 5nt and only once,
7nt. We also observed the presence of a single tricistronic
gene tRNA-Lys (CTT)-tRNA-Glu (CTC)-5S rRNA gene
with intergenic distances of 17 and 4nt. From the exam-
ination of their sequence, all 30 fused 5S rRNA genes
appear functional (with the exception of a single one 30
deleted by the insertion of an Ylt1 element). The sequences
of the 5S rRNA fused genes do not depart from that of
isolated genes. Coordinates of these 47 dicistronic and of
the single tricistronic genes are given in Supplementary
Data 2.
Table 1. Variability of the genomic organization of 5S rRNA and other rRNA genes in yeasts
Number of rDNA
cluster
Internal or
Subtelomeric
rDNA units
number
rDNA unit
length (bp)
5S rRNA genes status
included (in rDNA unit)
or gene number
if external
References
Saccharomyces cerevisiae Unique I  100 9137 Included SGD
Candida glabrata 2 S ? – Included two copies/repeat (11)
Zygosaccharomyces rouxii ? I ? 9868 Included (46)
Lachancea kluyveri Unique I ? 8656 Included (47)
Lachancea thermotolerans Unique I  200 8506 Included (48) (46)
Kluyveromyces lactis Unique I ? 8711 Included (49) (46)
Eremothecium gossypii Unique I  50 8187 Included (50)
Debaryomyces hansenii 3 I ? 7705 Included two copies/repeat (51)
Yarrowia lipolytica 6S  100 – 109 (32) (11)
Schizosaccharomyces pombe 2S  100 – 30 (32, 52)
The rDNA unit comprises 18S, 5.8S and 25S ribosomal RNA genes, which are transcribed as a single 35S precursor rRNA by RNA polymerase I.
The 5S rRNA genes are transcribed by RNA polymerase III. In all yeasts but Y. lipolytica and S. pombe, one copy of 5S gene is embedded in the
rDNA (two copies for C. glabrata and D. hansenii). S. cerevisiae data were obtained from the Saccharomyces Genome Database (SGD, http://
www.yeastgenome.org/).
Figure 1. Overview of the transcription mechanisms of tRNA, 5S
rRNA and tRNA–5S rRNA dicistronic genes. (A)I nS. cerevisiae,
transcription of a tRNA gene by Pol III requires the assembly of
transcription factor TFIIIC onto the tDNA (GC-rich) followed by
that of TFIIIB (onto a AT-rich region) that ﬁnally recruits Pol III
for multiple cycles of transcription. (B) A regular 5S rRNA gene is
ﬁrst recognized by its speciﬁc factor TFIIIA; then the 5S rRNA
gene–TFIIIA complex is bound by TFIIIC and the next steps of tran-
scription are identical to that of tRNA genes. In both cases, transcrip-
tion stops and eﬃciently recycles when Pol III reaches the terminal
T-track in the RNA-like strand. (C) Transcription of a dicistronic
tRNA–tRNA gene by a unique TFIIIC molecule binding on the
upstream gene. Assembly of TFIIIB onto the upstream gene (GC-
rich) triggered by TFIIIC bound on the downstream gene to transcribe
this only gene is penalized in vivo.( D) Hypothetical transcription of a
dicistronic tRNA–5S rRNA gene may proceed similarly through the
recognition of the promoter elements of the upstream gene by
TFIIIC. In this case a single primary RNA (arrow) is produced and
later matured into two functional products (tRNA and 5S rRNA) with-
out the need of TFIIIA (see text for details).
Table 2. Genomic organization of the 47 tRNA–5S RNA dicistronic
genes and of a single tRNA–tRNA–5S RNA tricistronic gene in
Y. lipolytica
tRNA (type) Number of
tRNA gene
copies
Number of 5S
rRNA gene-fused
copies (full length)
Intergenic
distance (nt)
Gly (GCC) 30 28 4 or 5
Asp (GTC) 28 8 4 or 5
Glu (CTC) 27 9 4
Gln (CTG) 13 1 4
Thr (AGT) 23 1 7
Lys (CTT)-Glu (CTC) 3 1 17 and 4
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Following the discovery of tRNA genes located immedi-
ately upstream of about half of the 5S rRNA genes, we
thoroughly checked for the presence of a Pol III transcrip-
tional terminator (T-track) in the 50nt at the 30-end of all
other tRNA genes. With the exception of a few tandem
tRNA genes already reported (11), a feasible terminator
was always identiﬁed except in all 13 copies of the essential
tRNA-Trp (CAA) genes in which the Pol III terminator
was always found about 70nt downstream of the tDNA
30-end. According to previously used nomenclature (54),
we named this putative ncRNA ‘RUF70’. As shown in
Figure 2A, a common tertiary structure is possible for
all 13 copies of Y. lipolytica RUF70. Noteworthy, base
changes leading to compensatory base pairing (shown
with stars in Figure 2A) support conservation of secondary
structure and argue positively for function. An alternative
structure is shown in Figure 2B and the corresponding 2D
structures in Figure 2C and D. Detailed coordinates of the
13 tDNA-Trp (CCA)–RUF70 dicistronic genes are given
in Supplementary Data 3.
Characterization ofthe tRNA–5SrRNA and
tRNA-Trp– RUF70genes dicistronic transcripts
Performing RT–PCR, we demonstrated that tRNA–5S
rRNA and tRNA-Trp–RUF70 genes are transcribed
into a single dicistronic pre-RNA. Oligonucleotides were
designed to amplify, after reverse transcription, a PCR
double stranded DNA extending from nt 1 of the
mature tRNA to nt 118 of the 5S rRNA (or nt 68 in the
case of RUF70). Figure 3A shows that, in all cases, PCR
bands of the expected length were obtained.
One copy of each type of fusions was then selected and
cloned into an EcoRV-digested pBluescriptSK vector for
further transcriptional studies. Using WCE from both
S. cerevisiae and Y. lipolytica strains, we observed one
major RNA species for the various DNA templates that,
according to their size, may represent the primary tran-
scripts (Figure 3B). As previously described (12,53,55),
our data conﬁrmed that the tRNA and the 5S rRNA or
the tRNA-Trp and RUF70 genes are transcribed coordi-
nately, starting from the promoter of the leader tRNA
gene. The same results are obtained using an in vitro
reconstituted Pol III transcription system. In fact, in this
case some minor bands with slower mobility can be
detected, suggesting that some processing events may
have occurred (Fig. 3C), as previously described (40).
Yeast S. cerevisiae cell free extracts were previously
shown to be able to process precursor tRNA but also
tRNA–tRNA fusion (55,56). However, under our experi-
mental conditions, none of our tRNA fusions were com-
pletely cleaved (Figure 3C), suggesting that these fusions
are not correctly processed in our in vitro experiments.
Characterization ofthe maturedRNA products
To assess the correct maturation of the tRNA-Trp and
RUF70 molecules, we perform northern experiments
with RNA extracted from Y. lipolytica and S. cerevisiae
growing in exponential phase (Figure 3D). Only one
strong signal with the same size was observed with
tRNA-Trp speciﬁc oligonucleotides in total RNA pre-
pared from both species (Figure 3D, top pannel). As a
matter of fact, tDNA-Trp from both species are nearly
identical [only 3nt are diﬀerent]. On the other hand, oli-
gonucleotides targeted to RUF70 RNAs revealed a signal
only in RNA extracted from Y. lipolytica as expected
(bottom panel). It corresponds to a band that migrates
slightly more rapidly that the tRNA-Trp ( 70 versus
78nt, data not shown). We hardly detected the dicistronic
transcript tRNA-Trp–RUF70 (Figure 3A), however, its
presence in vivo as a mature  70 base product is unam-
biguously evidenced by northern experiment (Figure 3D).
We, therefore, favour the hypothesis of Pol III dicistronic
transcripts for the expression of the 13 tRNA-Trp–
RUF70 genes.
Although two types of 5S rRNA are present in Y. lipo-
lytica (expressed from the isolated genes and potentially
from the tDNA-fused genes), only a single species of 5S
rRNA is revealed when total RNA was analysed in acry-
lamide–urea gel (Figure 4A, lanes 2 and 3). Altogether
these data strongly suggest that all kinds of discistronic
genes are both expressed as a primary RNA product that
is next correctly processed into tRNA, 5S rRNA or
RUF70 functional components.
Inactivation of ylTFIIIA yields aviable phenotype in
Y. lipolytica andsuggests that ylTFIIIA is possibly
implicated in 5SrRNA maturation
Since 5S rRNA expressed by the transcription of dicistro-
nic tRNA–5S rRNA genes appear to be correctly
matured, we wondered whether TFIIIA was really, in
Y. lipolytica, an essential protein. In S. cerevisiae,
TFIIIA is encoded by YPR186c (Tfc2, also name Pzf1);
this protein is essential for the transcription of 5S rRNA
genes and the deletion of its gene is lethal for the cells.
(57). Using BlastP, we unambiguously identiﬁed orthologs
in C. glabrata, Kluyveromyces lactis, D. hansenii and
Y. lipolytica (with E values e-118, e-118, e-76 and e-29,
respectively). Sequences and alignment of TFIIIA ortho-
logs in hemiascomycetes are given in Supplementary Data
5. We performed the deletion of the identiﬁed ortholog
(YALI0F05104g gene, see Materials and Methods) in the
Y. lipolytica haploid strain PO1d. Among the numerous
resulting clones, 10 independent clones were analysed by
PCR and EcoRI restriction to verify the deletion. Three of
them (ylTFIIIA C6, C7, C8, circled in Figure 4B)
showed only the expected restriction pattern of the dis-
rupted cassette and not the pattern of the wild copy.
This implies that ylTFIIIA gene was successfully deleted
in these transformants, with no remaining wild gene copy.
These transformants displayed viable phenotype with
normal growth at 188C and 288C and only a slight mor-
phological phenotype: colonies are smooth instead of
rough (Figure 4C). We then examined the total RNA
extracted from both WT and ylTFIIIA mutant strains
(Figure 4A). In both types of cells, we observed a single
band for matured 5S rRNA; however in the mutant
strains, the 5S rRNA appear to be slightly longer
5836 Nucleic Acids Research, 2008, Vol. 36, No. 18Figure 2. Structural alignment of the 13 RUF70 genes located beyond the 13 copies of tDNA-Trp (CCA). (A) For sake of clarity, the DNA
sequence, instead of RNA sequence, is used. Nucleotides 67–73 of the tDNA-Trp (CCA) are shown at left followed by the sequence of the RUF70
genes (sorted according to similarity). Coloured background in stems indicate correct base pairing (including GT pairs, GU in RNA). Stars above
base pairing line (shown as opening and closing brackets) denote compensatory base pairing (e.g. TA or GC or CG pairs exchange) in stems. The
length indicated at right is computed from the nucleotide following nt 73 of tDNA-Trp to the transcription termination signal (T-track, not
included). The oligonucleotides used in northern experiments (see Figure 3D) hybridize with the underlined sequences. Detailed coordinates are
given in Supplementary Data 3. (B) Alignment showing an alternative structure expanding the ﬁrst stem at the expense of the tRNA acceptor stem.
(C) 2D RNA structure corresponding to alignment shown in (A) for the ﬁrst sequence. (D) Same for the alignment shown in (B).
Nucleic Acids Research, 2008, Vol. 36, No. 18 5837Figure 3. Expression detected by RT–PCR, in vitro trancriptions and northern analyses. (A) Expression of the ﬁve diﬀerent tRNA–5S rRNA, one
tRNA–tRNA–5S rRNA and tRNA-Trp–RUF70 composite genes detected by RT–PCR. ‘RT’ refers to regular RT–PCR experiment, the reverse
transcriptase was omitted in the lanes labelled ‘PCR’. The predicted length of the RT–PCR products is indicated at bottom. Only a faint band was
obtained when testing the expression of the tRNA-Trp–RUF70 gene (arrow). (B) In vitro transcription of cloned copies of the same composite genes
with WCE from either S. cerevisiae or Y. lipolytica as indicated. A longer exposure was used for the rightmost seven lanes. A tRNA-Ile (TAT) gene
from S. cerevisiae (labelled ‘Sc’) is used as a control in the left lane. Expected lengths are indicated at bottom. Asterisks denote the faint bands
obtained in the transcription experiments of tRNA-Trp–RUF70 gene. (C) In vitro transcription of the same genes using a fully recombinant TFIIIC
reconstituted system from S. cerevisiae.( D) Northern blot analysis of the mature transcription products of the tRNA-Trp (CCA)–RUF70 composite
genes. Total RNAs were extracted from the indicated strains growing in exponential phase. RUF70 genes were probed with a mixture of oligos
targeted at the main stem-loop (sequences underlined in Figure 2A). The positive response of S. cerevisiae RNAs is due to the nearly perfect sequence
conservation of the tRNA-Trp (CCA) genes between S. cerevisiae and Y. lipolytica.
5838 Nucleic Acids Research, 2008, Vol. 36, No. 18suggesting that ylTFIIIA could be, in some way, impli-
cated in the maturation of 5S rRNA [compare lanes 4 or
5 (wild-type) with lanes 2 or 3 (mutant) in Figure 4A]. This
diﬀerence in length appears to be comparable to the dif-
ference between 5S rRNA from S. cerevisiae (lane 1) and
Y. lipolytica (lane 2) which is only 1nt.
Evolution of TFIIIA factorthroughout eukaryotes:
specificity ofthe Y. lipolytica ortholog
The ﬁrst TFIIIA sequence was obtained from a Xenopus
laevis cDNA (58). Proteolytic digestion at 3-K interval
and the presence of 9–11 atoms of zinc per 7S particle
(5S rRNA+TFIIIA) together with the repetitive presence
of numerous Cys and His residues suggested the 9 zinc-
ﬁnger model (19). Further sequencing of the X. laevis
TFIIIA gene itself revealed that exon–intron boundaries
also correspond closely to the repetitive unit, supporting
the idea that TFIIIA evolved by successive duplication of
a primordial 30-residue unit (59). The second TFIIIA
sequence, that of S. cerevisiae was shown to diverge exten-
sively from the Xenopus sequence, especially ﬁngers 8 and
9 were separated by an essential 81-residue intervening
sequence (60,61). The gene is unique in S. cerevisiae and
TFIIIA is essential. Next came the sequence of S. pombe
(52) and a careful comparison of the three sequences
revealed that the S. pombe ortholog has in fact 10 zinc-
ﬁnger, with its ﬁnger 9 corresponding to ﬁnger 9 of the
Xenopus sequence and ﬁnger 10 corresponding to ﬁnger 9
of the yeast sequence (62); this is schematized in Figure 5.
Curiously, the S. pombe ortholog terminates immediately
after ﬁnger 10. Examination of several hemiascomycete
TFIIIA sequences shows that they are all similar to
the S. cerevisiae model: the Cys and His residues of the
last but one ﬁnger (numbered 8 in X. laevis) were lost
(see multiple alignment in Supplementary Data 5).
Interestingly, the Y. lipolytica ortholog (ylTFIIIA) is the
longest among TFIIIA proteins (655 residues) and it dis-
plays two speciﬁc extensions with respect to the sequences
of other hemiascomycetes. A ﬁrst 37-residue intervening
sequence is located between ﬁngers 9 and the last homol-
ogy block common to all hemiascomycetes, a 10th zinc
ﬁnger is present in this extension; it has no equivalent in
other TFIIIA’s. A second long N-terminal extension
extends the sequence by 133 residues with respect to
S. cerevisiae ortholog (Figure 5).
Figure 4. Phenotypic and 5S rRNA analyses of Y. lipolytica ylTFIIIA
mutants. (A) Total RNA content of wild-type S. cerevisiae strain
(YPH500), wild-type Y. lipolytica strains (E150 and PO1d) and two
ylTFIIIA Y. lipolytica deleted strains (ylTFIIIA C6 and
ylTFIIIA C7, similar results were obtained for ylTFIIIA C8, not
shown). Cells were grown in exponential phase, total RNA was
extracted and analysed in 6% acrylamide–urea gel and stained with
ethidium bromide. The migration of tRNA, 5.8S and the two distinct
5S rRNA species (arrows at right) are indicated. (B) Restriction pattern
of the ylTFIIIA ampliﬁed locus of Y. lipolytica transformants. Only
three out 10 transformants lost accurately the ylTFIIIA gene (C6, C7
and C8). Strain E150 was used as a control for the wild restriction
pattern. M, molecular marker, 1kb DNA ladder (New England
Biolabs). (C) Eﬀects of the disruption of the ylTFIIIA gene
(YALI0F05104g) on growth ability. Serial dilutions (from 3 10
3 to 3
cells) of overnight cultures of the wild-type strains (E150 and PO1d)
and of three independent (ylTFIIIA C6, C7 and C8) mutant strains
were inoculated on YPD plates (or YNB supplemented, not shown)
and incubated at 288C (or 188C, not shown) for 3 days.
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In this work we report the identiﬁcation and ﬁrst charac-
terization of two novel types of dicistronic Pol III genes in
Y. lipolytica. In both types, similarly to other cases already
known, the leader gene encodes a tRNA and the second
gene encodes here either a 5S rRNA (48 cases) or a novel
RNA (13 cases), RUF70, of unknown function. These two
types enlarge the present collection of dicistronic Pol III
genes: tandem tRNA genes in S. pombe and hemiascomy-
cetes (11–13); tRNA–snoRNA genes in A. thaliana and
O. sativa (14); tRNA–miRNA genes in human (15) and
mouse gammaherpes virus 68 (16). Nearly half of the 5S
rRNA gene copies present in Y. lipolytica are implicated in
Pol III fusions (48 over 108 full length genes), splitting the
5S rRNA genes into two families: the isolated genes (60
copies) and the fused genes (48 copies). The existence of
such dicistronic genes linking a tRNA gene and a 5S
rRNA gene is an unprecedented and still unique case.
Interestingly, ylTFIIIA becomes no more essential in
normal growth conditions and its absence revealed a pos-
sible role of ylTFIIIA in 5S rRNA processing.
The various composite genes appear to be active in
normal growth conditions. Pol III promoter elements,
deﬁned as containing the sequences TRGYnnAnnnG and
GWTCRAnnC as the A- and B-block, respectively (13),
are present and functional as evidenced by in vitro experi-
ments performed with a reconstituted Pol III transcription
system. Furthermore, these Pol III promoter elements are
correctly cross recognized through species (Figure 3B and
C) since transcription can be detected with the Pol III
transcription machinery derived from S. cerevisiae.
Transcription of these genes occurs in vivo and starts
with the synthesis of a primary RNA product expressing
both genes, as demonstrated by RT–PCR (Figure 3A).
Further experiments demonstrate that these RNA are
processed in vivo. All copies of the tDNA-Gly(GCC)
but two (28 out of 30) are followed by a full length 5S
rRNA gene, RUF70 is only present in dicistronic genes
in fusion with tDNA-Trp. However, neither uncleaved
tRNA-Gly (GCC)-5S rRNA, nor tRNA-Trp–RUF70
primary product could be detected by northern blot
analysis contrary to the matured tRNA-Gly, tRNA-Trp,
5S rRNA and RUF70 (Figure 3D and data not shown).
As shown experimentally by Kruszka and coworkers, the
accurate processing of a snoRNA adjacent to tRNA-Gly
(GCC) in A. thaliana implicates the regular tRNA
30-processing activity performed by tRNase Z (14). In
S. cerevisiae, the 30-tRNase activity is supported by Trz1
(encoded by YKR079c) (63,64) and this protein appears
to be well conserved among hemiascomycetes (E-value
e-32 for the ortholog of Y. lipolytica, YALI0A13057g,
with respect to that of S. cerevisiae). Yeast cell free extracts
were generally found to allow the synthesis of processed
transcripts, including internal cleavage when dicistronic
genes are used (55,56), contrary to what we observed
using both S. cerevisiae and Y. lipolytica extracts
(Figure 3B), suggesting that the reaction conditions are
not optimal for the cleavage. For instance, metal ion were
found to be required for in vitro pre-tRNA processing
reactions catalyzed by TRZ1, the tRNase Z from
A. thaliana (65). tRNAse Z also appears to request in vitro
ﬁnely tuned pH and salt concentration values from one
species to another (66) and we concluded that the cleav-
age by tRNase Z is not observed in our transcription
experiments due to unsuitable pH and salt conditions.
Tandem tRNA gene transcription was ﬁrst investigated
two decades ago with a tDNA-Ser–tDNA-Met from
S. pombe. Both genes were shown to be transcribed as a
dimeric tRNA precursor followed by processing of the
two tRNAs (12). In vivo transcription was drastically
reduced by mutations in either the A-box (A at posi-
tion 19) or the B-Box (A at 53) of the leader tRNA-Ser
gene. This provided a direct evidence that the trailer
tRNA-Met gene is derived through processing of the
dimeric precursor and not initiated independently from
the internal tRNA-Met gene promoters (12). The novel
case of tRNA–5S rRNA genes in Y. lipolytica raises the
question of a possible conﬂict between the Pol III tran-
scription factors requested for both genes. We reasoned
similarly in the case of the composite tRNA–5S rRNA
Figure 5. Evolution of TFIIIA sequence throughout eukaryotes. The nine ﬁlled rectangles in the top sequence (X. laevis) symbolize the nine zinc
ﬁngers. The last zinc ﬁnger in S. cerevisiae TFIIIA is also traditionally numbered nine because this sequence was obtained prior to that of S. pombe
that exhibits 10 zinc ﬁngers. Multiple sequences alignment (not shown) conﬁrm that ﬁnger 9 of S. pombe sequence corresponds to ﬁnger 9 of X. laevis
sequence and that ﬁngers 9 of S. cerevisiae and Y. lipolytica correspond to ﬁnger 10 of S. pombe. In TFIIIA from Y. lipolytica, an extra 10th zinc is
present between ﬁnger 9 and the last block of homology common to all hemiascomytes (small dark vertical rectangle). See also alignment in
Supplementary Data 5.
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dispensable in this special case. We also considered a pos-
sible steric conﬂict between ylTFIIIA bound on the 5S
rRNA gene and TFIIIC bound on the leader tRNA
gene. Furthermore, if ylTFIIIA and TFIIIC bind on the
5S rRNA gene, TFIIIB would have to bind DNA inside
the leader tRNA gene, the high GC content of which is
known to prevent eﬃcient TFIIIB binding (67). For these
reasons, we attempted the deletion of the Y. lipolytica
ortholog of S. cerevisiae TFIIIA.
Deletion of ylTFIIIA turned out to be viable and leads
onlytoaslightmorphologicalphenotype.Moreimportant,
5S rRNA appears slightly longer (a few nucleotides) in the
deletant strains and we noticed that a single 5S rRNA spe-
cies, homogenous in length is observed in both the wild-
type strains and in the ylTFIIIA-deleted strains. This may
appear illogical, at ﬁrst glance, if one considers that, in
wild-type strains, two types of 5S rRNAs coexist: those
expressedfromtheisolated5SrRNAgeneandthoseresult-
ing from the maturation of the dicistronic primary tran-
script of the tRNA–5S rRNA genes (both types being
present in nearly equal gene amounts). In the ylTFIIIA-
deleted strains, in which the transcription of isolated
genes is no more possible, only the latter type of 5S
rRNA is present. The defect in 5S RNA processing we
observed in our ylTFIIIA strains (a few nucleotides
longer) suggests that ylTFIIIA itself could participate, in
some way, in this processing possibly through its role of 5S
RNA-chaperone (23–25) or in functional interaction with
the YL3 protein (68). However, it also indicates that the
ﬁnal processing event that occurs in the presence of
ylTFIIIA is not absolutely required for 5S rRNA to be
functional, at least under normal growth conditions. As a
matter of fact, 30-extended 5S RNA was also observed in a
strain deleted for the 30 exoribonuclease Rex1p exhibiting
no growth defect (69). With respect to TFIIIA proteins of
other hemiascomycetes, ylTFIIIA harbours a 10th zinc
ﬁnger and a long C-terminal extension. These speciﬁc fea-
tures might be also implicated in novel roles for TFIIIA in
Y. lipolytica.
Our results nicely parallel those obtained earlier on the
artiﬁcial Pol III fusion RPR1 promoter-5S rRNA studied
by Camier and coworkers (30). A chimeric gene was con-
structed in which the ﬁrst 84nt of the RPR1 gene contain-
ing a tRNA-like promoter sequence was fused to a 5S
rRNA gene. This gene was transcribed in an in vitro Pol
III transcription assay and a single RNA transcript was
observed at the expected length for initiation at the RPR1
promoter, however no cleavage of the two products took
place. No transcript initiating at the 5S promoter was
observed, even after addition of TFIIIA, suggesting that
the RPR1 promoter is functional and dominant over the
downstream 5S promoter. In vivo, cells devoid of TFIIIA
could survive if they carry such a construction on a multi-
copy plasmid. Similarly with our present observations, 5S
rRNA expressed from RPR1-5S rRNA hybrid genes was
slightly longer than that produced from endogenous 5S
rRNA gene copies.
A number of tandem tDNAs are already known in hemi-
ascomycetes (11). We ﬁrst checked that the Pol III gene
fusions we observed in the sequenced strain of Y. lipolytica
(strain E150) were also present in the strain investigated
during earlier studies [strain PO1d, (70)]. We then checked
the set of nine hemiascomycetes+S. pombe previously
studied (13) for the presence of a Pol III terminator 30 to
all tDNAs (within 40nt 30). No new cases of Pol III fusions
other than tandem tDNA genes already reported were dis-
covered. We then extended our search to other ascomy-
cetes: Pichia stipitis, Neurospora crassa, Magnaporthe
grisea, Coprinus cinereus, Aspergillus nidulans, Fusarium
graminearum, Ustilago maydis and Podospora anserina.
No other type of Pol III fusions than tandem tDNAs
was discovered (with the exception of a triple tDNA-Lys
(CTT) in Pichia stipitis). We also further investigated two
recently published plant genomes: Populus trichocarpa and
Vitis vinifera.I nP. trichocarpa, we disclosed 12 copies of
the tDNA-Gly (GCC)–snoRNA (Figure 6) identical to
those of A. thaliana (14) and only two copies in V. vinifera.
We ﬁnally noticed that, curiously, the very same type of
tDNA gene, namely tDNA-Gly (GCC) is implicated in Pol
III gene fusions in several organisms: tRNA-Gly (GCC)–
snoRNA genes in A. thaliana (14) and also in P. tricho-
carpa (this work), tDNA-Gly (GCC)-5S rRNA genes in
Y. lipolytica (this work). We do not know whether this
might indicate for tDNA-Gly (GCC) a propensity to gen-
erate fusions more easily than other tRNAs. Remarkably,
the other tDNA-Gly, with anticodon (TGC), is never
implicated in fusions.
Remarkably, the Y. lipolytica genome contains another
type of Pol III fusions: each of the 13 copies of the tRNA-
Trp (CCA) gene is followed by an extension of about
70nt. This extension is cotranscribed and appears to be
stable enough as northern blot can detect it. We noticed
that between the 13 copies, the sequence is only loosely
conserved, suggesting some degeneration. We ﬁrst thought
about a RNA implicated in the maturation of the tRNA-
Trp or in the splicing of its intron. However, this tRNA is
highly conserved throughout hemiascomycetes (only 3nt
are changed with respect to the S. cerevisiae tRNA-Trp)
and the intron is not present in some species such as
D. hansenii. We noticed some structural similarity
(stems/loops) with the ncRNA CeN76 identiﬁed in the
non-coding transcriptome of Caenorhabditis elegans
[Figure 2C in (71)]. In the model we propose (Figure 2A
and C), a stem is immediately adjacent to the 30 end of the
tRNA, similarly with the models proposed for CeN76 and
the snoRNA following the tRNA-Gly (GCC) in A. thali-
ana [Figure 6 in (14)]. Attempt to identify a similar
ncRNA in other ascomycetes and S. pombe remained
unsuccessful. The role of RUF70 in Y. lipolytica remains
unknown as are unknown the role of many ncRNAs
recently discovered in higher eukaryotes (54,71).
In each yeast species, all tRNA genes encoding a given
tRNA type (same anticodon) remain identical or nearly so.
This intraspeciﬁc sequence homogeneity, combined with
the rapid variation of the number of paralogous gene
copies, is puzzling. It contrast with the rapid sequence var-
iation between paralogous copies of protein coding genes,
suggesting the existence of a mechanism for a quick loss
and proliferation for tRNA genes in genome. The existence
of a proliferation mechanism is further suggested by the
frequent occurrence, in yeast genomes, of a variety of Pol
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might appear unnecessary since every Pol III gene carries
its own internal promoter elements. This apparently unli-
kely gene fusion event is now known to have occurred
many more times in hemiascomycetes where a variety of
pairs of tRNA genes separated by a very short distance are
observed often in multiple copies in genomes (11). Multiple
paralogous copies of dicistronic tRNA–snoRNA are also
present in plants (14). In Y. lipolytica, fusions event includ-
ing a 5S rRNA gene have occurred at least six times (as six
diﬀerent tDNA types are implicated), some of the fusions
being ampliﬁed up to 29 times in the case of the tRNA-Gly
(GCC)-5S rRNA gene. Similarly, the tRNA-Trp–RUF70
gene was ampliﬁed into 13 dispersed copies. We still do not
know the possible mechanisms of Pol III gene fusion and
proliferation in hemiascomycetes.
A strikingly similar case of 50 maturation by tRNase Z
was very recently reported for the 5S rRNA gene in the
euryarchaeota H. volcanii (72). The 5S gene is expressed
from the ribosomal operon that also includes the 16S and
23S rRNA genes and a distal tRNA gene. The 5S rRNA
gene is not preceded by a tRNA gene but the sequences
immediately upstream fold into a tRNA-like structure and
therefore the 50 splicing of the 5S rRNA (from the primary
transcript) can be performed by tRNase Z. Beside that of
H. volcanii, tRNase Z from A. thaliana or S. cerevisiae
were also able to perform this maturation in vitro. With
this information in mind, we examined the sequences
upstream the mature snR52, RPR1 and Zod1 RNA
genes of S. cerevisiae (and related species) which contains
regular A- and B-promoter elements (13,73). However, we
could not arrange any of these sequences in a way similar
to the tRNA-like structure discovered in H. volcanii. The
quite similar case of tRNA-helped 5S rRNA 50 processing
we report here in Y. lipolytica is therefore the only one yet
known in eukaryotes.
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